Objectives. We sought to examine the effects of endurance training on the ultrastructural characteristics of skeletal muscle in heart transplant recipients (HTRs) and age-matched control subjects (C).
Exercise capacity, although improved after heart transplantation, is not totally normalized (1) (2) (3) . Most heart transplant recipients (HTRs) stop exercise early because of muscular fatigue. Formerly attributed to central causes linked to heart denervation (4), and more recently, to impaired diastolic function (5) , this reduced exercise tolerance seems to depend importantly on peripheral muscular factors related to physical deconditioning (6 -8) .
Several studies have demonstrated that exercise training for short or longer periods, from 6 weeks to 16 months, is feasible and beneficial after heart transplantation (1, 2, 3, 9) . Benefits resulting from training include increases in maximal oxygen uptake (V O 2 ), peak exercise power output, ventilatory threshold, peak heart rate and reduced rates of perceived exertion (1, 9) . We have shown previously that a short endurance training program in HTRs lowers blood lactate concentrations during exercise and improves recovery by raising the efficiency with which lactate is removed (10) .
In a previous study (11) , we have demonstrated, by ultrastructural morphometry of skeletal muscles of nontrained HTRs 1 year after grafting, that mitochondria appear qualitatively and quantitatively normal but that the capillary network is significantly reduced. Effects of both antirejection therapy on muscle function (12, 13) and deconditioning (5,7) were identified as being possibly responsible for these observations.
The purpose of this study was to assess the changes induced in skeletal muscle tissue after 6 weeks of endurance exercise: In HTRs without signs of rejection and under standard immunosuppressive treatment; in age-matched control subjects (C) subjected to a training program at the same relative intensity level and in HTRs not subjected to physical exercise, to control for spontaneous changes.
We hypothesized that exercise training leads to similar increases in mitochondria volume and capillary supply, markers of muscle tissue oxidative capacity, in HTRs and in C, but not in unexercised HTRs.
Methods
Patient population and normal subjects. Sixteen patients (15 men, 1 woman) with clinically stable orthotopic cardiac transplantation were examined at a mean time of 10 Ϯ 3 months after being grafted. Before surgery, patients were classified according to the New York Heart Association scale as functional class IV, with etiologies including ischemic heart disease, idiopathic dilated cardiomyopathy and valvular disease. They were receiving a standard triple drug therapy for immunosuppression (cyclosporine, prednisone and azathioprine). In 15 patients moderate hypertension was treated with calcium receptor antagonists. All patients were free of signs of rejection, as confirmed by endomyocardial biopsies.
Beyond the 3-week standard immediate postoperative rehabilitation, all HTRs had resumed their professional or private activities but none was enrolled in any regular physical training program at the time of the study. Twelve of them underwent a supervised 6-week endurance training program, either at the laboratory (n ϭ 6) or at home (n ϭ 6). The other four patients did not wish to engage in any form of physical training. Seven normal sedentary controls (5 men, 2 women), not taking any medication, were submitted to a training protocol at the same relative intensity. Patients and controls were comparable in age, height and body mass index (Table 1 ). All subjects gave informed consent according to a protocol approved by the local Ethics Committee.
Experimental design. Maximal exercise testing, endurance test, computed tomography (CT) of the thigh and biopsies of the vastus lateralis muscle were performed in 12 HTRs and C before and after the 6-week training period. Muscle biopsies were performed in the four nontrained HTRs in the same time interval.
Maximal exercise testing. Peak oxygen uptake (peak V O 2 ) was measured with a graded exercise test in the upright position, using an electronically braked bicycle ergometer (MEDIFIT 1000 S) and a breath-by-breath metabolic measurement chart (MEDISOFT). Cardiac frequency was measured by an electrocardiographic recorder (Schiller). The workload was increased stepwise by 20 W every 2 min from an initial workload of 20 W until volitional exhaustion. Ventilatory threshold was determinated according to Beaver et al. (14) . Appropriate safety measures were taken in all tests and exercise sessions.
Training protocol. Training consisted of three sessions of 45 minutes per week for 6 weeks of modified interval training, the square wave endurance exercise proposed by Gimenez et al. (15) and adapted by Lonsdorfer et al. (16) . This mode of exercise consisted of nine successive bouts of 5 min duration. During each exercise bout, a 4-min period of moderate exercise (base level) was followed by a 1-min period of heavy work (peak level). Base and peak levels were set at the individual ventilatory threshold and at 90% of maximal tolerated power, respectively. Target work rates were adjusted by maintaining the exercise heart rate during training at ϳ130 and 145 beats/min for base and peak levels. These rates were individually adjusted during the initial maximal exercise test. As there was no significant difference in the results of training between the group trained at home and the group trained at the laboratory, the two groups were considered as a whole.
Computed tomography (CT). CT (ELSCINT ELITE PLUS) was performed on the right thigh, exactly halfway between the major trochanter and the knee joint space. Subjects were examined in the supine position, with the thigh muscle relaxed. Radiographic factors were a cycle time of 4.2 s, 140 kV, 300 to 515 mA/s and a slice thickness of 2.5 mm. Evaluations were made at a window width of 507 and at a level between 10 and 40 to have good contrast between muscle, bone and fat. A semiautomatic electronic planimeter (MOP AM O3; Kontron, Zurich) was used to quantify the following parameters: total thigh area, thigh muscle area, quadriceps muscle area, thigh fat area, (total thigh area minus bone and muscle areas). The radiographs were analyzed blindly two times, and the estimates reported are averages of both independent measurements. The coefficient of variation for paired observations for these parameters was ϳ0.24% (17) .
Muscle biopsy, electron microscopy and morphometry. Biopsies were taken from the same site of the vastus lateralis muscle at midthigh level under local anesthesia, using the technique of Bergström (18) . The subjects were instructed not to perform any physical exercise for 24 h before the biopsy and to maintain a normal diet with regard to carbohydrates and fat. The muscle tissue samples were processed for electron microscopy by fixation in a 6.25% solution of glutaraldehyde as previously described (19) . Four randomly chosen blocks from each biopsy were used for the stereological analysis. The orientation of the secretions was essentially transverse relative to the muscle fiber axis. Capillary number, fiber number and fiber cross-sectional area were estimated at a final magnification of 1,500. Five Abbreviations and Acronyms C ϭ age-matched control subjects CT ϭ computed tomography HTRs ϭ heart transplant recipients TGF-␤ ϭ transforming growth factor-beta VEGF ϭ vascular endothelial growth factor V O 2 ϭ oxygen uptake Values are means ϮSD. There are no significant differences among the three groups. C ϭ age-matched control subjects; HTR ϭ heart transplant recipients. micrographs per block (20 micrographs per biopsy) were taken in consecutive frames of slotted grids (type R, 100 A, Veco Co, Amsterdam, The Netherlands) yielding Ͼ100 muscle profiles for analysis in each biopsy. A final magnification of 24,000 was used for estimation of the volumes of mitochondria and intracellular lipid droplets per unit volume of muscle fiber. Ten micrographs per block (40 micrographs per biopsy) were taken with a routine sampling procedure in consecutive frames of 200 2 mesh grids. Pictures of the 35 mm films were projected on a screen fitted with quadratic line grids. Point counting was performed with an A 100 grid (100 test points) for the lower magnification and with a B 36 grid (144 test points) for the higher magnification (19) . Estimates of variables were obtained according to standard stereological procedures.
Absolute values of structural quantities were calculated as follows from the data of the CT scans and the morphometry of the biopsies: capillary length density was calculated by multiplying capillary density with a constant (1.43) characterizing the capillary tortuosity in human muscle biopsies (20) . Total length of capillaries (contained in a slice of quadriceps muscle of 1 cm thickness) was obtained by multiplying the quadriceps muscle volume by the capillary length density. Total volume of mitochondria was obtained by multiplying quadriceps muscle volume by the volume density of total mitochondria.
Statistical analysis. All data are reported as mean values ϮSD. Comparisons between the physical characteristics of C and HTRs were performed using a one-way analysis of variance (Systat 5.0 for Windows). Comparisons of the two trained groups (C and HTRs) before and after training were performed using two-way repeated analysis of variance (Systat 5.0 for Windows), and p values of the two main effects and of the interaction test appear in Tables 2, 3 and 4. Data from skeletal muscle biopsies before and after a 6-week period in the small group of nontrained HTR were compared using the Student t test for paired values.
Results
There is no significant difference for anthropometric characteristics between HTRs and C, as shown in Table 1 . Body weight did not change after 6 weeks with or without training in either group, HTRs or C.
Exercise tests. Table 2 reports the changes in the group means and the significance of differences for major parameters of the exercise tests performed before and after 6 weeks of endurance training. Before training, peak V O 2 of the HTRs was significantly lower (31%) than that of C. The ventilatory threshold, expressed as V O 2 normalized to body mass, was not significantly different in HTRs and C. Total endurance work sustained during the 45-min training session was significantly lower by 41% in HTRs compared to C. After training, peak V O 2 increased significantly in both groups, but V O 2 in the HTRs remained lower than that of the control group. The ventilatory threshold also increased significantly and by the same relative amount in both groups, with a significantly lower value for the HTR group. As there is an interaction, we examined the simple effects of training within each group, which show that there is a significant increase in both groups (p Ͻ 0.001 for C; p Ͻ 0.004 for HTR). Total endurance work performed during the last training session was significantly increased by 31% for C and by 54% for HTRs. With regard to ventilatory threshold and total endurance work, HTRs after training reached values observed for untrained controls before training.
Computed tomography. Table 3 reports mean values of the CT thigh measurements before and after 6 weeks of training. No significant change was seen in the mean total crosssectional area of the thigh nor in thigh muscle area in either group, with similar values in normal subjects and HTRs. There is a significant effect of training on the cross-sectional area of quadriceps muscle without any group effect nor interaction between the two groups. All other measured parameters did not differ in the two groups and did not change with training.
Morphometry. The following results of the biopsies of the nontrained HTR group before/after a 6-week period are not significantly modified: volume density of total mitochondria (%) 4.68 Table 4 presents mean values of the structural variables estimated with the morphometric techniques in the two trained groups. Initial values of mitochondria are not different among the two groups. After the 6-week training period, the volume density of total mitochondria and its subdivisions, central and subsarcolemmal volume densities, are significantly increased in the two trained groups, with no significant difference between controls and trained HTRs. The volume density of lipid droplets is similar in the two groups and is not significantly modified by training. Capillary-to-fiber ratio is not different between the two groups before training; it increases significantly after training as a main effect. Because the test of interaction is significant, we examined the simple effects of training within each group, which show a significant increase in C (p ϭ 0.008) and not in HTRs (p ϭ 0.1). Capillary density and capillary length density are significantly reduced in the HTR group before training as compared to C. Both of these indexes are unmodified by training in either group, though they are significantly higher in the normal subjects. The fiber crosssectional area is similar in the two groups and is not modified by training.
To get an estimation of the total quadriceps muscle content of structural components, volume density of total mitochondria and capillary length density were multiplied by the quadriceps muscle area assessed by CT in the two trained groups. The values appear in Figure 1 . Total volume of mitochondria, similar in C and HTRs before training, increases significantly in both groups, by 38% for HTRs and 34% for C. Total capillary length is significantly decreased in HTRs before training and is not significantly modified by training in either group. 
Discussion
Several studies have demonstrated the beneficial effects of a training program on cardiovascular, respiratory and metabolic parameters in HTRs (1, 2, 3, 9, 10, 21) . In a previous study (11) , we reported the unexpected result that 1 year after grafting, there was no qualitative or quantitative difference between the volume density of mitochondria in the vastus lateralis muscle of nontrained HTRs compared to normal sedentary controls. The major structural difference between the two groups concerned the capillary density and the capillary-to-fiber ratio, which were both significantly decreased in HTRs. Because deconditioning was one of the mechanisms potentially responsible for this observation, it seemed important to appraise the changes induced by endurance training on the skeletal muscle structure of these patients. To test the efficiency of the training program, we included a group of normal sedentary comparable volunteers (C) training at the same relative intensities. To ascertain that the observed changes were not due to spontaneous recovery, we included biopsies taken at 6-week intervals from a group of four inactive HTRs.
Changes in general aerobic performance. A total of only 14 h of exercise during 6 weeks resulted in a mean increase of 11% in peak V O 2 . This is somewhat less than the 18% increase obtained by HTR patients after a 10-week program (3). The difference can be attributed to the fact that the patients in the study of Keteyian et al. (3) were initially less fit than our patients (initial peak V O 2 : 16 ml/min per kg), and the exercise training program of the former group was more intense, that is, more muscle mass was mobilized by several types of exercise like rowing, treadmill and arm and leg exercises. For the C, our results do not differ from the mean increase of 14% of peak V O 2 obtained after 6 weeks (15 h) of strenuous cycle training in normal sedentary subjects by Hoppeler et al. (22) .
We believe that this training program corresponds to a reasonable rehabilitation practice routinely feasible either in institution or at home. Indeed, we expected the benefits of this program to be lower than in that of Kavanagh et al. (1), because the 18 months of intense training in that program does not correspond to what can be routinely obtained from the average HTRs.
Significantly more relevant than the peak V O 2 is the shift of the ventilatory threshold observed in both groups, which is believed to reflect an increase in tissue oxidative capacity. Of note also is the important increase of 31% (C) and 54% (HTRs) of the total endurance work performed in one session, when comparing the first to the last training session.
Structural changes. None of the structural markers analyzed was spontaneously modified after 6 weeks in the nontraining group. Thus the changes observed in controls and in HTRs can be attributed to the short endurance training program we implemented.
Muscle volume. We did not observe any significant change in thigh muscle cross-sectional area after training in either group, nor differences between C and HTRs. This observation contrasts with the findings by Horber et al. (17) , who described a significant increase of the midthigh muscle area after 7 weeks of isokinetic training in nine renal transplant patients receiving similar doses of glucocorticoids and azathioprine. This difference must likely be attributed to the more strength-oriented isokinetic training protocol. It also contrasts with the increase of lean tissue mass described by Kavanagh et al. (1) among 36 HTRs subjected to a long-lasting endurance training protocol involving a larger number of muscles.
Mitochondria. The predominant effect of our endurance training on skeletal muscle structure is the marked increase in volume density of total mitochondria (33% for C, 26% for HTRs; p Ͻ 0.001). This result is comparable with that of a previous study on normal sedentary subjects, who showed a 40% increase in total mitochondria after 15 h of cycling at 80% of the peak V O 2 (22) . The initial mitochondrial volume densities were not lower in HTRs than in C as might have been expected from a previous study on patients with heart failure (23) but confirms our previous findings (11) . The increase in total volume of mitochondria is brought about by both an increase in volume density of mitochondria as well as an increase in muscle volume.
Our results show a predominant increase of subsarcolemmal mitochondrial volume density (74% in HTRs, 70% in C) and a smaller increase of interfibrillar mitochondria (16% in HTRs, 24% in C). These results are in accordance with previous findings in normal subjects (24) and in patients with renal transplants (17) and confirm previous data suggesting that preferential proliferation of subsarcolemmal mitochondria can be related to a better use of blood-borne substrate following endurance exercise (25) . The increase of the lipid droplet volume density did not reach the limit of significance in any of the trained groups. This is usually seen in endurance training protocols of similar duration in normal subjects (22) .
It is noteworthy that there is a significant relationship between the change in volume density of total mitochondria of HTRs and both the change in their peak V O 2 (r ϭ 0.63, p ϭ 0.03) and the change in their V O 2 at ventilatory threshold (r ϭ 0.60, p ϭ 0.03). These results are in accordance with those shown by Hambrecht et al. (26) on muscle biopsies in patients with heart failure subjected to a 6-month training program. Nevertheless, the increase in mitochondrial content did not normalize the V O 2 of the HTRs. As already noted (11) , mitochondrial function might be impaired by cyclosporine treatment (12, 13) .
Capillary supply. Generally, skeletal muscles show adaptation to aerobic training by an increase in the number of their capillaries, which leads to a reduction of the diffusion distance for gases and improves conditions for substrate transfer (27) . This is the case for C but not for HTRs. The capillary-to-fiber ratio increases significantly by 19% in C. This is somewhat less than the 28% increase in the study of Ingjer (28) and the 26% increase in the study of Hoppeler et al. (22) , both measured in normal subjects. Because the fiber cross-sectional area is also increased in C, though not significantly, capillary density and hence capillary length density remain constant. For this last parameter our results are in close agreement with those of Drexler et al. (23) in normal subjects (654 Ϯ 141 in Drexler's study versus 625 Ϯ 164 mm/mm 3 C in this study). Compared to previous studies, the relatively small increase observed in C can be linked to the lower work load of our endurance training protocol (ϳ50% to 60% of V O 2 versus 80% of V O 2 for the subjects of Hoppeler et al. (22) .
The most striking findings of our study are the observation of the significantly reduced number of capillaries of these patients in the pre-and post-training state compared to C and the lack of a significant training-induced increase of muscular capillaries in HTRs. This suggests that a lack of O 2 supply could limit the exercise capacity of HTRs and, further, that the lack of angiogenesis could potentially limit the effectiveness of exercise training. The smaller extent of the capillary network could be due to several factors. In patients with heart failure, an impaired vasodilatory response to exercise is welldocumented. An increase of neurohumoral vasoconstrictive forces (29) and abnormalities of flow-dependent endotheliummediated vasodilatation have been involved (30) . These abnormalities might have persisted after transplantation, though a recent study (31) suggests that endothelium-dependent vasodilatation is at least partially restored after grafting, as is maximal vasodilator response (32) . Moreover, cyclosporine has been shown to produce vasoconstriction in renal circulation (33) with significant reduction of glomerular capillaries in renal transplant biopsies (34) . Other mechanisms explaining this lack of muscular capillaries and exercise-induced angiogenesis in HTRs must be evoked. Vascular endothelial growth factor (VEGF) has been recently described as a wellcharacterized direct-acting angiogenic factor (35) . Using an in vitro model, Pepper et al. (36) have shown that the cytokine transforming growth factor-beta (TGF-␤) exerts a biphasic effect on VEGF, potentiating effect at low concentration and inhibiting effect at relatively high concentration. As cyclosporine is known to stimulate TGF-␤ (37), it can be hypothesized that high doses of TGF-␤ would decrease VEGF and thus reduce the muscular capillary density and block the traininginduced formation of muscular capillaries in HTRs. This hypothesis could be tested in a prospective study.
Conclusions
1. Exercise training in HTRs and C leads to similar improvements of central and peripheral factors of aerobic work capacity. 2. Mitochondrial volume density is normal in HTRs with a reduced exercise tolerance and increases with exercise training. 3. A training response of capillaries could be observed only in C and not in HTRs. The training-induced changes were relatively small, probably due to the low intensity of training as compared with that in other studies. 4. The discrepancy between a decreased capillary supply and a normal mitochondrial complement previously described in the HTRs was accentuated after training. Capillary deficiency is likely not caused by the lack of exercise but may be due to the toxicity of immunosuppressive drugs, especially cyclosporine.
